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We present a quantum repeater scheme based on the recently proposed qubit amplifier [N. Gisin, 
S. Pironio and N. Sangouard, Phys. Rev. Lett. 105, 070501 (2010)]. It relies on a on-demand 
entangled-photon pair source which uses on-demand single-photon sources, linear optical elements 
and atomic ensembles. Interestingly, the imperfections affecting the states created from this source, 
caused e.g. by detectors with non-unit efficiencies, are systematically purified from an entanglement 
swapping operation based on a two-photon detection. This allows the distribution of entanglement 
over very long distances with a high fidelity, i.e. without vacuum components and multiphoton er- 
rors. Therefore, the resulting quantum repeater architecture does not necessitate final postselections 
and thus achieves high entanglement distribution rates. This also provides unique opportunities for 
device-independent quantum key distribution over long distances with linear optics and atomic 
ensembles. 

PACS numbers: 03.67.Hk, 03.67.Mn, 42.50.Md, 76.30.Kg 



I. INTRODUCTION 

When tackling the task of distributing entanglement 
over long distances, the main problem comes from the 
transmission losses. In contrast to classical commu- 
nications, the losses cannot merely be compensated 
by a straightforward amplification, since the cloning 
of an unknown single quantum state is impossible [T]. 
Briegel et al. [2 proposed to repeatedly profit from 
the fascinating feature of entanglement that it can be 
swapped [3J. The idea consists first to divide the total 
distance into smaller pieces (called elementary links), to 
distribute the entanglement in each of the elementary 
links, and to swap successively the entanglement between 
the adjacent links until it is extended over the whole 
distance. The resulting tool, the so-called quantum 
repeater, provides entanglement distribution rates that 
scale much better with the distance than the direct 
transmission of photons through optical fibers. However, 
the price to pay for its implementation is to be able to 
create the entanglement remotely in a heralded way, to 
store it and to swap it many times. 

Duan et al. |3] have shown how to meet all the above 
described requirements using simple ingredients, i.e. 
atomic ensembles, linear optical elements and photon 
counting techniques. Although this protocol has inspired 
a lot of experiments (see e.g. [5j for a recent review), it 
requires prohibitively long storage times to outperform 
the direct transmission of photons, even under optimistic 
assumptions on the memory and detection efficiencies. 
Many improvements have recently emerged |SHH]j which 
in turn spurred comparison between various architec- 
tures [5 and led to the conclusion that the local creation 
of high-fidelity entangled pairs of atomic excitations 
with the use of two-photon detections for long-distance 



entanglement generation permits the implementation of 
much more efficient quantum repeaters [5J [S] with the 
same ingredients. 

Following these lines, we present an approach inspired 
by the heralded qubit amplifier recently proposed in 
Ref. |9], to produce entanglement on-demand using a 
probabilistic entangled-pair source, on-demand single- 
photon sources, linear optics and ensembles of atoms 
as quantum memories. Interestingly, we show that the 
imperfections resulting from the use of detectors and 
single-photon sources with non-unit efficiencies, can all 
be perfectly purified from an entanglement swapping 
based on a two-photon detection. Therefore, a state with 
a very high fidelity can be created in the elementary 
link and we show that the fidelity is preserved when 
the state is further extended over long distances using 
many entanglement swapping operations. In contrast to 
all previously proposed protocols based on linear optics 
and atomic ensembles, the final state does not contain 
vacuum components even in the presence of memory 
and detector imperfections, and hence, no post-selection 
is needed. This leads to high entanglement distribution 
rates and opens the way for applications where the post- 
selections are not allowed, such as device-independent 
quantum key distribution (see for the principle |10| and 
for possible practical realizations [HI fTTHTB] . 

The paper is organized as follows. In Section [IT] we 
first present an ideal quantum repeater architecture, i.e. 
involving a photon-pair source producing entanglement 
in an on-demand way and for which, the achievable 
entanglement distribution rate is only limited by the 
detection, storage and transmission inefficiencies. In 
the following sections, we show how such a quantum 
repeater can be approached using qubit amplifiers. The 
section |III| shows how a source producing entanglement 
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in an on-demand way can be realized by modifying the 
qubit amplifier scheme of Ref. ^ . In IV and |v] we show 
how the created entanglement can be purified when it 
is processed to be shared between remote locations and 
how it can further be swapped between adjacent links 
to be extended over very long distances. Finally, in 
section |VI| we illustrate numerically the performance of 
the proposed quantum repeater for a typical distance of 
1000 km by taking the main experimental imperfections 
into account. The last section IVIII is devoted to the 
conclusion. 



II. QUANTUM REPEATER WITH 
ON-DEMAND ENTANGLED-PHOTON PAIR 
SOURCES 

In this section, we start by recalling the basic formula 
that is used to evaluate the achievable entanglement 
distribution rate with quantum repeaters. We first 
use this formula to quantify the performance of an 
ideal quantum repeater serving as a reference in the 
rest of the manuscript, which would use hypothetical 
sources producing maximally entangled states with unit 
efficiency. We reuse it in the last paragraph to show that 
it is essential to herald the creation of the entanglement 
in the elementary link. 

The average time for the distribution of one entangled 
pair that can be achieved with a quantum repeater made 
with n nesting levels (2" elementary links) is well approx- 
imated by (see appendix of Ref. [5J) 



C PoPl..Pn 



(1) 



where Lq is the length of the elementary link, Pq is the 
probability of a successful entanglement creation in the 
elementary link and Pk with k = 1,2,... is the success 
probability of the k—th entanglement swapping. 




It is instructive to calculate the entanglement dis- 
tribution rate that could be achieved considering that 
on-demand photon-pair sources producing entanglement 
with unit fidelities are available. The basic procedure for 
entanglement creation between remote locations would 
require one source and one quantum memory at each 
location (c.f. Fig. [T]). The two ideal sources would 
be excited simultaneously. One mode of the produced 
entanglement would be stored locally whereas the twin 
mode would be sent at a central station where a Bell mea- 
surement would be performed. The success of the Bell 
measurement would lead to the entanglement of the ex- 
citations stored into the memories. The entanglement 
could be extended by releasing the photons stored at 
the same location and then, performing successive en- 
tanglement swapping operations using linear optical ele- 
ments and photon counters. Such a repeater would only 
be limited by detection and memory imperfections. Let 
rjo and rjM be the corresponding efficiencies. Label rjt 
the transmission efficiency from one location to the cen- 
tral station where the Bell measurement is performed. 
{rjt = exp(— Lo/(2iatt) where Lq is the length of one el- 
ementary link and Latt is taken to be equal to 22 km 
corresponding to a standard telecommunication fiber.) 
The probability of a successful entanglement creation in 
the elementary link would be given by Pg = \{'riD'ntf'- 
The factor 1/2 comes from the fact, that we are per- 
forming a photonic Bell measurement with linear op- 
tics. The square results from a Bell measurement based 
on a twofold coincidence detection, c.f. below. Simi- 
larly, the probability for the fc— th swapping to succeed 
is Pk = \{t]dVmY foi' ^ = Ij 2, .... The average entangle- 
ment distribution time, in this ideal case, would thus be 
given by 
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For 1000 km, riD = rjM = 0.9 and n = 4, this would 
translate into the distribution of one entangled pair 
every 6 s. Quantum memories with comparable storage 
time may be within reach, given the recent experimen- 
tal progresses in coherent optical memories [14_ with 
demonstrated storage times in the second range (albeit 
in the classical regime). 



QM 



QM 



Figure 1: (Color online) Entanglement creation at a distance 
using hypothetical pair sources, producing on-demand maxi- 
mally entangled states. Star - ideal source of entangled pairs, 
QM - quantum memories, BM - Bell measurement. 



Figure 2: (Color online) Entanglement creation at a distance 
without heralding. Star - ideal source of entangled pairs, QM 
- quantum memory. 



Note that the process (the Bell measurement) herald- 
ing the successful creation of entanglement within each 
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elementary links is crucial. To emphasize on this point, 
we give a short counter-example. Consider that each 
elementary link is made with two distant memories and 
one entanglement source localized half-way between 
the memories, c.f. Fig. [2j Once the source is excited, 
the photons propagate through lossy optical fibers and 
hopefully, reach the memories where they are stored. As 
before, two adjacent memories sitting at the same site 
are read out so that the entanglement can be swapped 
between the links. The swapping procedure is repeated 
until the entanglement reaches the desired distance. In 
opposition to the previously described protocol, there 
is now no announcement to herald the success of the 
entanglement creation in each link. Therefore, the 
distributed state has a vacuum component (assuming 
channel transmission typically small compared to one) 
that is large compared to the weight of the entangled 
component. Hence, a final purification is required to get 
rid of the vacuum. It is performed post-selectively by 
converting the memory excitations back into photons 
and by verifying that there is one photon in each loca- 
tion. Measurements in arbitrary basis are possible by 
choosing the appropriate setting. After a straightforward 
calculation, one finds that the average time to distribute 
entanglement with this protocol would be of the order 
of 10^ s [IF, roughly two orders of magnitude longer 
than for the original protocol by Duan, Lukin, Cirac and 
ZoUer 0]. 

These considerations remind us that efficient quantum 
repeaters necessitate the use of on-demand entangled- 
pair sources and the creation of remote entanglement in 
a heralded way. We describe in the following an attrac- 
tive photon-pair source producing states with a high fi- 
delity and where the residual errors can be purified by 
the operation heralding the creation of entanglement at a 
distance. This leads to a repeater architecture achieving 
unequaled entanglement distribution rates with atomic 
ensembles and linear optics. 



III. ON-DEMAND ENTANGLEMENT SOURCE 
BASED ON A QUBIT AMPLIFIER 

The principle of the proposed on-demand source is 
shown in Fig. [3] It starts with a source producing pairs 
of photons entangled in polarization, in a probabilistic 
way, meaning that each time it is excited, it emits an 
entangled pair with a small probability p, corresponding 
to the state 

Ppair = (l-p)|0)(0|+ (3) 

|(5h*"-h + 5v«"v)|0)(0|(5Hi"-H + gvmv)- 

g and in label two spatial modes. The polarization 
of these modes is given by the subscript. The state 
5h|0)(0|5h is, for example, associated to one excitation in 



mode g with the horizontal polarization. Inspired by a re- 
cent proposal by Ralph and Lund |17] , it has been shown 
how a suitable teleportation of the mode g can be used 
to herald the successful creation of an entangled pair [5] . 
Two auxiliary photons a^aylO) in the same spatial mode 
a but with orthogonal polarizations are sent through a 
tunable beam splitter with reflection coefficient R (in in- 
tensity). This leads to the creation of two independent 
entangled states 

[\/R 4 + \/l -i? out]^ |0) ® 

(VR 4 + Vl- R out\^^ |0). 

A Bell measurement is then performed on the modes in 
and c by detections in modes d± cx ch + cv ± inn T *'^v 
and d± oc ±ch =F cy + + iny using the setup shown in 
Fig. |3] In the ideal twofold coincidence detection 

between and d_ projects the modes g and out onto 
the maximally entangled state 

-^{gloutl + glout\,)\0). (4) 

Note that the probability for the successful preparation 
of this state is jpi?(l — i?). Since the twofold coincidences 

c?+ — c?+ , (i_ — c?_|- , (i_ — c?_ combined with the appropriate 
one-qubit transformation also collapse the modes g and 
out into the state Q, the overall success probability for 
the entangled-pair preparation is given by 

Pa,npU=pR{l- R). (5) 

The described device thus serves as an heralding process 
for the successful creation of an entangled pair. If 
the modes out and g are further stored in quantum 
memories, this provides an on-demand entangled-pair 
source. 

Note that the Bell measurement is different from 
the one originally presented in Ref. [9J. Following the 
approach proposed e.g. in Ref. jTj, the Bell measurement 
here consists of a polarization beam splitter (PBS) in 
the ±45° basis followed by a PBS in the H/V basis 
at each output (see Fig. |3|. This setup automatically 
eliminates the vacuum in the memories. Indeed, in 
the ideal case where the single-photon sources and 
the detectors have unit-efhciencies, the only situation 
yielding vacuum in both memories is when no pair 
is emitted and both photons coming from the single 
photon sources are reflected at the BS. Since cnCy leads 

to ((i+ + d-)"^ — ^ '^-^ ) this event cannot produce 

the desired d — d coincidence detection |18| . 



So far, we neglected the multi-pair emission from the 
pair source and we assumed unit-efhciency single-photon 
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These assumptions correspond to a photon pair source 
with a low double pair production and to single-photon 
sources with high efficiencies. In this regime, the (non- 
normalized) density matrix pp is well approximated by 



Po 



where 



7o \92+,OUt2.){g2+,OUt2. \ + 

5q \g2+,out+){g2+,out+\, 



(9) 



Figure 3: (Color online) Heralded source of entangled pairs, 
QM - quantum memories, BM - Bell measurement. A pair 
source (star) produces a polarization entangled state in a 
probabilistic way in modes in and g. Two single-photon 
sources (triangles) produce a product state of two photons 
with orthogonal polarizations in the same spatial mode a. 
The mode a is sent through a the beam splitter (BS) with 
tunable reflectivity R (in intensity) and the two photon coin- 
cidence detection d-d teleports the mode in to the mode out 
(up to a unitary transformation). This leads to the entangle- 
ment between the modes g and out which are then stored in 
the memories. The BM here is inspired by [7] and consists of 
one PBS in the ±45° basis followed by a PBS in H/V basis 
at each output. 



detectors and sources. Let us now relax these assump- 
tions and see what are the effects of these imperfec- 
tions on the photon-pair source. Consider first that the 
entangled-pair source produces two pairs with a proba- 
bility proportional to p^, as a spontaneous parametric 
down conversion source does, i.e. 



10' 



g,out\ 



{gliOutl^ + gl^out\^)\0) 



Ppa^r = (1 - p - 3/ V) |0) (0| + 



(6) 



(5h*"-h + 5vi'^v)|0>(0|(ffHmH + gviny) + 

2 

Y^(.9h«'^h +5v«"v)^|0>(0|(5H«nH +gvi".v)^- 

Further consider that the single-photon sources have non- 
unit efhciencies, i.e produce a single photon with the 
probability q only. The corresponding state is 



Ps^nale = ( 1 - ?) 1 0) (0| + W 1 0) (0 joj 



(7) 



where j — {H,V}. Moreover, consider that the single- 
photon detectors have a non-unit efficiency rjo, i.e. the 
probability to get k clicks when a bunch of n photons 
impinge on a detector is given by C'^rf^{l — rj o)"'^^ where 
is the binomial coefficient. Let pg the density matrix 
describing the modes g and out once a successful Bell 
measurement is obtained, now contains components 
with multiple excitations. However, one can get rid of 
some of them under reasonable assumptions, namely 



1 > i? > p, 
1> 



(8a) 
(8b) 



I5+X.9+I = l.9H)(gH| + |gv)(5v| 

\92+) ^ {{gl,f ^ {glifm 
\0ut2.) = loutnowiv) 
\<yut^){outj^\ — \out]i) {outYi\ + \out-\i) {outY\ 



(10a) 

(10b) 
(10c) 
(lOd) 
(lOe) 



and where the coefficients depend on the parameters 
r]r>,R,p, q, {T — 1 — R) as follows 



1 



1 



7o 



XnPRTq^ 

rilpRq (f - g + (1 - m)Rq) 
'f)\vTqf 
';^)\^Tqil-q). 



(11a) 
(lib) 
(He) 
(lid) 



Note that the success probability Pq for the preparation 
of the mixed state (|9| is equal to four times the trace of 
Pq. (As before, four twofold coincidences lead to the same 
state using the appropriate unitary transformations.) 
The average waiting time for the successful photon-pair 
preparation is thus given by Tg = — ^-p^ where ^rep is 
the basic repetition rate of sources. 

Let us brieffy comment on the different contributions 
to the density matrix. First, the coefficients 7g,(5g scale 
as and are thus negligible with respect to /3g and 
Uq when the pair emission is small {p <C 1). The term 
\g+){g+\ is caused by the inefficiency of detectors and 
sources. Note that the imperfections coming from the 
detectors can be reduced by increasing the transmission 
of the tunable beam splitter if one is willing to lower 
the success probability. Note also that the ones com- 
ing from the single-photon sources cannot be lowered in 
this way. However, we show in what follows that the er- 
rors (1 3+) (5+ 1) resulting from both imperfect detectors 
and sources can be purified in the elementary link if one 
performs an entanglement swapping operation based on 
a two-photon detection. This is a major difference with 
the source presented in Ref . |8] , where a tradeoff between 
high ffdelities and high creation rates leads inevitably to 
errors in the elementary links. 
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IV. ENTANGLEMENT CREATION IN THE a) 
ELEMENTARY LINK 



The entanglement in the elementary Hnk is created by 
using one qubit ampHfier at each location. The modes 
out that are stored in atomic ensembles, are read out 
and the resulting photons are sent at a central station 
where a Bell measurement is performed (see Fig. |4]) . Let 
out and out' be the modes coming from the two remote ^) 
locations. The Bell measurement consists in a projec- 
tive measurement into the modes D± cx outu ± outy and 
D'j. oc ouf^ ± outy. It is realized using photon count- 
ing preceded by a PBS in the H/V basis followed by a 
±45° PBS in each output of the H/V PBS. A twofold 
coincidence D-D' projects the stored modes g-g' into 






Po (l.9+,.92+>(.9+>.92+l + 

0{\g2+){92+\,\92+){92+\ 



\g+,g2+){g+,g2+\) 



(12) 



The coefficients ao and /3q are given in the Appendix (Eq. 
A-2|. What matters is that, first, the terms containing 



two excitations at each side (included in the 0{..) term) 
are negligible under the approximation ([s]). Secondly, 
ao oc (ap)^ while jSo is the sum of three contributions, 
the first one being proportional to UqSq, the second one 
oc /3o7o s-iid the last one oc chqJq. Therefore, if the suc- 
cess probability for the pair emission is weak (p <C 1), 7o 
and (5g are neghgible with respect to /3q and ag, mean- 
ing that the fidelity {(j)^^ \po\4>+^ ) is very high. In other 
words, in the regime where the multi-pair emission can 
be neglected, the state created in the elementary link 
is maximally entangled, independently of the reflection 
coefficient R. We now show that the quality of the en- 
tanglement is preserved after the entanglement swapping 
operations. 



V. ENTANGLEMENT SWAPPING 
OPERATIONS 



Consider two neighboring links, each of them described 
by the state (12 1. Let /, /' {g, g') be the modes stored 



in the memories of the first (second) elementary link - see 

Fig. [4] The initial state is thus p^'^ (E)Pq"^ ■ Consider that 
the prime modes /', g' are located at the same location. 
The entanglement swapping operation consists in apply- 
ing the Bell measurement used at the central station of 
each link (see Fig. |4]b)) once the atomic excitations cor- 
responding to /' and g' are mapped into photonic modes. 
The Bell measurement succeeds when one gets a twofold 
coincidence between, for example + g'y and g'^ -\- fy. 



Figure 4: (Color online) a) A scheme of the whole repeater 
consisting of 2" elementary links of length Lq. Blocks labeled 
OS represent the on site blocks presented in Fig. [3] The en- 
tanglement in each elementary link is created by converting 
the out atomic excitations into optical modes and by per- 
forming subsequently a Bell measurement (BM). The BM is 
represented here by the ® symbol. When the entanglement is 
succesfuUy created in neighboring elementary links, they are 
then swapped using the same BM (swapping between modes 
/' and g' is shown; see the text for the details), b) Detail of 
the BM used in the elementary link and for the swappings. 
The BM consists of one PBS in the H/V basis followed by a 
PBS in ±45° at each output. 



The resulting density matrix is of the form 

\g+j2+){g+j2+\) 



p('3 = ai \(p^_^:^) 



Pi (l/+,.92+)(/+,g24 

71 l/+,.9+>(,f+,.9+l ± 

0(|52+)(.92+|,|/2+>(/2+|), 



(13) 



where ai, /3i and 71 are coefficients given in the 
Appendix (see Eq. (A-4|). As before, the /3i, 71 and 
0(..), terms can be neglected in the regime where 
the inequalities (|8| are satisfied, and in this case, the 
distributed state reduces to a maximally entangled state. 

The entanglement swapping operations are repeatedly 
performed until the entanglement is extended to the de- 
sired distance. One can show that the state obtained 
after the k*^ entanglement swapping has the same form 
that Pi^ ■ The corresponding coefficients a^, Pk and 7^. 
are explicitly given in the appendix (see Eq. (A-5)). 
Therefore, the final state does not contain neither vac- 
uum nor components with only one excitation in the 
regime described by the inequalities ([8|. Our protocol 
is the only one known to us based on atomic ensembles 
and linear optics which does not require any final post- 
selection. This provides not only unequaled performances 
but also unique opportunities e.g. for device independent 
quantum key distribution over long distances. 
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VI. PERFORMANCE 

The explicit knowledge of the density matrix at each 
step allows us to calculate the success probabilities for 
the entanglement creation and for the entanglement 
swapping operations, and thus to access the performance 
of the proposed protocol using the formula ([T]). Note 
that this formula is strictly valid if the source prepara- 
tion time is negligible compared to the communication 
tim, i.e. Tq —. Otherwise, — has to be replaced by 

rps I Lo 

^0 + c ■ 

For concreteness, consider the distribution of entan- 
glement over L=1000 km using memories and detectors 
with efficiencies rjM ~ f]D ~ 0.9. For a given quality 
of single-photon sources (fixed q), we look for the 
values of p and R for each n leading to a fidelity of the 
distributed state at least equal to 0.9. We then keep the 
triplet p, R, n that minimize the average time for the 
distribution of one entangled pair. Note that we restrict 
the maximum number of nesting level to be n < 4 (16 
links) in such a way that one can reasonably make the 
assumption that purification is not necessary to correct 
the imperfections coming potentially from swapping 
operations 

Tfof [s] p q R F 7^ep [MHz] 

7.4 6- 10"'' 1 0.12 0.96 60 

7.8 3.6- 10"^ 1 0.23 0.9 6 

19.2 6- 10"^ 0.66 0.17 0.96 60 



TABLE I: Performance of the proposed quantum repeater 
based on qubit amplifiers. The results correspond to the dis- 
tribution of entangled pairs over L — 1000 km, with mem- 
ory and detector efficiencies rjM ~ ~ 0.9 using 16 links 
(n = 4). Ttot is the average time for the distribution of one 
entangled pair, p (q) is the probability with which the pair 
source (single-photon sources) used within the qubit ampli- 
fier emits a photon-pair (emit a single photon). R is the beam 
splitter refiectivity. F is the fidelity of the distributed state 
and 7rep is the basic repetition rate of sources. 

The results are shown in the first row of the Table 
|l] [19]. With ideal single-photon sources {q — 1), the 
average time to distribute one entangled pair with the 
proposed scheme {Ttot ~ 7.4 s) is very close to what 
could be obtained ideally, with hypothetical sources 
producing maximally entangled photon pairs on-demand 
{Ttot ~ 6 s, c.f. Section [n] ) . Let us mention that a source 
of single-photons with near-unity collection efficiency 
has been reported very recently [20 . 

Note that for these values, equality between the source 
preparation time Tg and the communication time Lq/c 
is reached for a basic repetition rate of ^rep = 60 MHz. 
Current spontaneous-Raman-emission based sources 
with atomic gases are well suited for demonstrating 
the proposed source. However, current repetition rates 



7rep are of the order of a few MHz [5T]. The second 
row of the Table H] shows that if one chooses a weaker 
transmission for the tunable beam splitter and a higher 
pair production, one can distribute good quality entan- 
glement with high entanglement distribution rates while 
significantly reducing the required basic repetition rate. 
(In this case, equality between the source preparation 
time Tq and the communication time Lq/c is reached 
for a basic repetition rate of -frep = 6 MHz, a level likely 
achievable with present-day experiments.) 



It is interesting to compare the performance of the 
proposed protocol with the one presented in Ref. [8J. 
The latter is the most efficient quantum repeater based 
on atomic ensembles and linear optics known to us. It 
takes 19 s in average to distribute one entangled pair 
with resources comparable to the ones presented in the 
first row of the Table D The third row of this Table shows 
that the protocol based on heralded qubit amplifiers 
achieves an advantage over the one of Ref. [F| as soon as 
q > 0.7. Note, in the one hand, that if the single-photon 
sources are performed by combining a pair source and 
a quantum memory [5J, the proposed protocol requires 
the storage of six modes for the implementation of one 
on-demand entanglement source while the one of Ref. [5] 
needs four only. On the other hand, the proposal of Ref. 
[S] achieves high fidelities only with postselections, even 
taking memory and detector imperfections into account. 
We emphasize that the here presented quantum repeater 
allows one the distribution of highly entangled states 
without post-selection. 



Before we conclude, we would like to add three com- 
ments. First, an additional speed up could be achieved, 
at least in principle, using a temporal multiplexing |22| . 
However, regarding the required repetition rates 7rep, a 
useful multiplexing would require quantum memory with 
prohibitively large bandwith and multimode capabilities. 
Secondly, the modes out have been considered to be at 
telecommunication wavelength where the attenuation of 
optical fibers is low. Therefore, our proposal requires 
either memories suited for telecom wavelengths or an effi- 
cient frequency conversion from the storable wavelength 
to the telecom wavelength. The former has recently 
been realized in a rare-earth-doped material [231 , though 
not with the desired efficiency. Several proof-of-principle 
experiments have also been demonstrated recently for 
the latter, either using parametric down-convertion |23] 
(albeit not with quantum memory compatible photons) 
or four wave mixing in cold atomic ensembles [15j. 
Finally, significant speed-ups could be obtained if the 
swapping operations were performed deterministically. 
This might be done using either quantum memories 
based on single trapped ions [25_ or Rydberg transitions 
|26| . or entanglement based on continuous variables |27j . 
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VII. CONCLUSION 

We started this paper by reminding that the local gen- 
eration of high-fidelity entangled pairs and the heralded 
creation of entanglement in each basic link are required 
for quantum repeaters to achieve high entanglement 
distribution rates. We then proposed a source, inspired 
by the heralded qubit amplifier, to produce on-demand 
entangled pairs. We showed how the potential errors 
resulting from the use of non-unit efficiency devices, 
are purified by the entanglement swapping operation 
serving as heralding for the preparation of entanglement 
in the elementary link. The quality of the entanglement 
is preserved even after many entanglement swapping op- 



erations such that the proposed quantum repeater does 
not require post-selection as usually done in repeaters 
with atomic ensembles and linear optics. This leads 
to entanglement distribution rates similar to the ones 
that would be obtained from ideal photon-pair sources. 
Furthermore, this opens a way for the realization of 
device-independent quantum key distribution over very 
long distances. 
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APPENDIX 

Coefficients calculation 

Lets denote the success probability at each site as Pq , 
which is defined as 

^ 4Tr {pl) =A{al + 2/3^ + Aj^ + 85^) , (A-1) 

where is given by Eq.(|9]) . The coefficients of the non 
normalized density matrix po (Eq.(12l ) after the Bell 



measurement in the elementary link read 



ao 



^ VpMt 

(Tr(pg))2 2 



(A-2a) 

+ "o7o(l-'7DMt) 
(A-2b) 



where r]DMt = VDVMVt is the product of the detector, 
memory and channel transmission efficiencies. We can 



8 



now continue in an analogous fashion for all density ma- 
trices. The success probability of entanglement creation 
in the elementary link is 



Po = 4Tr (po) = 4 (ao + 16/3o) , 



(A-3) 



we can then write for the coe fficie nts of the non normal- 
ized density matrix p('^ (Eq.(13l ) after the first swap- 
ping 



ai 



1 Vdm „ 2 



(Tr(po))2 
1 



(A-4a) 



Pi = (Tr(po))^ '^^^'^''^ ~ Vdm)Po [ao + 8/3o(l - flDAi)] 
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(Tr(po)) 



(A-4b) 

^ -"iklpalao + lGMl-VDM)], (A-4c) 



where rj^M — rjurjM- As discussed in the text, under the 
assumptions Eq.Q , each following swapping will yield 
the density matrix of the form Eq.(13) . We can thus 



write recurrent relations for the non normalized coeffi- 
cients of the density matrix obtained after the fc— th 
swapping (A; > 1) 



Ik 



1 


Vdm 


(Tr(pfc_ 




1 


2 


(Tr {pk- 


iW 4 


47fe-i(l 


- riDM){c 


1 





a I. 



fc-i 



(A-5a) 



3fc-i(afc_i -f 2/3fe_i)-|- 



(Tr(p,_i))2 8 



(A-5b) 

7fc_i [ak-i +4/3fe_i + 167fc_i(l - rjoM)] , 



(A-5c) 

where 

Pk-i = 4Tr {pk-i) = 4 {ak-i + ^-i + 167fc-i) (A-6) 
is the success probability of the fc— th swapping. 



